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
 
Abstract—In this paper we report an ultrafast 
transparent fibre-wireless-fibre link for indoor 
optical wireless communications. The link operates 
over ~3 m range at 416 Gb/s and 208 Gb/s with a wide 
field of view (FOV) of 40° and 60°, respectively. The 
system design is fully characterized in simulations, 
which are in good agreement with the experimental 
data. To the best of our knowledge, this is the fastest 
demonstration of an indoor wireless link that offers 
practical room-scale coverage.    
 
Index Terms—Beam steering, spatial light 
modulator, optical wireless communication, 
wavelength division multiplexing, optical fiber 
communication 
I. INTRODUCTION 
ptical fibre technologies have allowed Terabit data 
rates to become widely used in wired communication 
networks. The recent expansion of optical networks within 
cities [1], [2] has allowed these rates to be delivered to users’ 
premises. To harness this capability, radio-over-fibre 
technologies have been developed [3], but these require 
interfaces to convert from the optical to electrical domain. 
 An all optical approach is proposed here where the wireless 
signal is kept in the optical domain and fibre-based 
transceivers are used at both ends of the wireless link. The 
corresponding fibre-wireless-fibre (FWF) link is 
transparent, i.e. independent of the data rate and 
modulation format. For this geometry, Terabit data rates 
have already been shown at a short range of ~ 1m and a 
limited field-of-view (FOV) of < 0.5° [4], [5]. Other work has 
focused on enhancing the FOV for this type of links with 
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some success [6], [7]. In order to achieve both ultrafast and 
wide FOV links, narrow beam indoor wireless 
communication has been proposed [8]–[10]. This approach 
allows for maximum optical power transfer from the 
transmitter to the receiver, whilst still satisfying eye-safety 
constraints. For FWF geometries using narrow beam links, 
beamsteering capabilities at both transceivers would 
typically be required if a wide FOV system is targeted. This 
is due to the fibre-based transceivers having a limited FOV 
of fractions of a degree [11], thus requiring some form of 
active alignment via beamsteering [12].  
Beamsteering for ultrafast wireless communications has 
been extensively proposed and demonstrated using actuated 
mirrors, spatial light modulators (SLMs) and diffraction 
gratings with tunable lasers [13]–[16]. However, the 
beamsteering power is limited by the device’s steering range 
and active area. Thus, the addition of passive angle 
magnification (AM) modules to enhance the overall link 
FOV is of great advantage as reported in [17].This AM 
modules allowed for the demonstration of the fastest optical 
wireless link with practical room-scale coverage at data 
rates above 100 Gb/s with a FOV of 60°.  
In this paper, we report doubling this data rate record 
using the same FWF link. Optimized wavelength division 
multiplexing (WDM) techniques and digital coherent 
transmission are used to demonstrate 418 Gb/s (14 channels 
x 29.9 Gb/s/channel) and 209 Gb/s (7 channels x 29.9 
Gb/s/channel) with a wide FOV of 40° and 60°, respectively, 
at a range of ~3 m. The multiple WDM channels are kept as 
a single beam under free space propagation, given the 
compact Nyquist-WDM channel separation that minimized 
the SLM dispersive effects. 
A full FWF link design is given here, with new detailed 
theoretical analysis. The optical loss trade-off between the 
beamsteering power and required link FOV is 
quantitatively shown. The predominant loss factor is found 
to be vignetting at the receiver due to beam divergence 
under free space propagation. These results can be 
generalized to other narrow beam indoor optical wireless 
architectures requiring active beamsteering and angle 
magnification.  
The rest of this paper is arranged as follows: section II 
describes the free space link design; section III gives the 
link characterization for a continuous wave experiment; 
section IV defines the transmission system and shows the 
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experimental results for sub-Terabit data rates; and finally, 
section V gives the paper conclusions.  
 
II. FREE SPACE DESIGN 
Figure 1 shows the link model for narrow beam 
communications with fibre-based transceivers. The design 
requires accurate steering devices at both ends to efficiently 
direct and to couple light back into the receiving fibre. The 
model includes AM modules to achieve practical indoor 
coverage with a FOV ≥ ±30° (60° full-cone angle).  
The link’s detailed optical path is as follows (see Figure 
1). Light collimated from an optical fibre illuminates a 
transmitter (Tx) steering device. The device’s effective 
aperture is 2𝜔0 and the steering capability is ±𝜑0. The 
steered light enters an AM module enhancing the link FOV 
𝜃𝐹𝑂𝑉 by a factor of 𝛾0 = 𝜃𝐹𝑂𝑉 𝜑0⁄ . The output beam at the Tx 
with width 𝜔𝑇𝑥 then propagates in free space for a distance 
𝑍 ~ 3 m, whilst experiencing beam spreading due to the 
inherent diffraction of light. The beam width at the receiver 
aperture becomes 𝜔𝑅𝑥. Using classical Gaussian beam 
propagation theory, and assuming the beam waist at the Tx 
aperture, it can be shown that, 
𝜔𝑅𝑥 = 𝜔𝑇𝑥√1 + (𝑍 𝑍𝑇𝑥⁄ )2 ;         Z𝑇𝑥 = 𝜋𝜔𝑇𝑥
2 𝜆⁄  (1) 
Where Z𝑇𝑥 is the Rayleigh length of the Gaussian beam and 
𝜆 is the wavelength of operation. After the receiver (Rx) 
aperture, a second AM de-magnifies the beam angle by 
𝛾1 = 𝜃𝐹𝑂𝑉 𝜑1⁄  where ±𝜑1 is the Rx steerer device range. 
Simultaneously, the beam width is magnified to 𝜔𝐴𝑀 due to 
etendue conservation in passive optical systems [18]. This 
effect creates a geometric loss ℒ𝑉, due to vignetting in the 
Rx steerer with aperture size 𝜔1 if 𝜔𝐴𝑀 > 𝜔1. Finally, the 
beam is coupled back into an optical fibre with coupling loss 
ℒ𝐹.  
In the next sections, a theoretical model for the AM is 
developed. This model is then used to estimate the link’s 
geometric loss ℒ𝑉 for various scenarios. Finally, the coupling 
loss ℒ𝐹 is simulated for a single mode fibre (SMF)-based 
receiver using the ray tracing engine Zemax.   
A. Angle Magnification  
A basic magnification module is given by a two-lens 
optical arrangement as shown in Figure 2 (a). This is an 
afocal setup where lenses 𝐿1 and 𝐿2 share the intermediate 
focal plane. A modified configuration is introduced here, 
which includes a field lens 𝐿𝐶 located in this intermediate 
plane. Figure 2 (b) shows the modified ray tracing layout. 
Lens 𝐿𝐶 images 𝐿1’s aperture onto 𝐿2’s. This centers the 
incoming beam footprint on lens 𝐿2, thus reducing 
geometrical aberrations. Using basic imaging and 
trigonometric arguments, it is obtained: 
1
𝑓1
+
1
𝑓2
=
1
𝑓𝐶
;      
𝑓2
𝑓1
=
𝜔𝑂𝑈𝑇 𝑐𝑜𝑠 𝜃𝑂𝑈𝑇⁄
𝜔𝐼𝑁 𝑐𝑜𝑠 𝜑𝐼𝑁⁄
=
𝑡𝑎𝑛 𝜑𝐼𝑁
𝑡𝑎𝑛 𝜃𝑂𝑈𝑇     
 (2) 
From equation (2) the following important condition it can 
be deduced: 
𝜔𝑂𝑈𝑇 ∙ 𝑔(𝜃𝑂𝑈𝑇) = 𝜔𝐼𝑁 ∙ 𝑔(𝜑𝐼𝑁) ;   𝑤𝑖𝑡ℎ 𝑔(𝛼) = 𝑡𝑎𝑛 𝛼 𝑐𝑜𝑠 𝛼⁄  (3) 
Equation (3) gives a conservation of the product 𝜔 ∙ 𝑔(𝛼) =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. Thus, for small 𝜃𝑂𝑈𝑇, 𝜑𝐼𝑁 an angular magnification 
of 𝛾 = 𝜃𝑂𝑈𝑇 𝜑𝐼𝑁⁄  implies a beam width de-magnification of 
𝜔𝑂𝑈𝑇 𝜔𝐼𝑁⁄ = 1 𝛾⁄ . The implications of this beam width 
reduction to increase the link’s FOV are not 
straightforward, and will be studied in the next section as 
part of the geometric loss model. 
B. Geometric loss model 
The downlink (DL) is shown in Figure 1. As described in 
the introduction of section II, the beam is collimated, 
accurately steered and magnified using an AM to achieve a 
wide angle 𝜃𝐹𝑂𝑉. In free space, the beam expands under 
 
Figure 3. Characteristic loss for a symmetric link ℒ𝑉,𝑆𝐿 and free 
space range of 𝑍 = 3 m. The contour lines represent the loss levels 
as a function of the FOV and the product 𝜔 ∙ 𝑔(𝛼). Here 𝜔 and 𝛼 are 
the steering device’s aperture radius and steering range, 
respectively. The definition of function 𝑔 is given in equation (3). 
 
 
Figure 2. AM afocal system with magnification 𝛾 = 𝜃𝑂𝑈𝑇 𝜑𝐼𝑁⁄  for (a) 
a simple two-lens configuration and (b) a 3-lens setup using a field 
lens 𝐿𝐶.  
 
 
Figure 1. Link model. AM is an angle magnifier and SLM is a 
spatial light modulator. 
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Gaussian propagation to be later collected by the receiver 
aperture. A second AM scales the link angle down to the Rx 
steering device range. In doing so, a geometric loss ℒ𝑉,𝐷𝐿 =
(𝜔1 𝜔𝐴𝑀⁄ )
2 occurs if 𝜔𝐴𝑀 > 𝜔1 due to vignetting. Following 
the downlink’s optical path, and using equations (1) and (3), 
ℒ𝑉,𝐷𝐿 becomes,   
ℒ𝑉,𝐷𝐿 = 10 𝑙𝑜𝑔10(ℰ𝑇𝑥 ∙ ℰ𝑅𝑥)
− 10 𝑙𝑜𝑔10(ℰ𝑇𝑥
2 + 𝜆2𝑍2 𝑔4(𝜃𝐹𝑂𝑉))  
ℰ𝑇𝑥 = 𝜋𝜔0
2 𝑔2(𝜑0) = 𝜋𝜔𝑇𝑥
2 𝑔2(𝜃𝐹𝑂𝑉) 
ℰ𝑅𝑥 = 𝜋𝜔1
2 𝑔2(𝜑1) = 𝜋𝜔𝑅𝑥
2 𝑔2(𝜃𝐹𝑂𝑉) 
(4) 
For the uplink (UL) a similar condition vignetting effect 
occurs, but this time the Tx steering device is the aperture 
stop with the vignetting loss given by ℒ𝑉,𝑈𝐿 = (𝜔0 𝜔𝐴𝑀⁄ )
2. It 
can be easily deduced from equation (4) that, 
ℒ𝑉,𝑈𝐿 = 10 𝑙𝑜𝑔10(ℰ𝑇𝑥 ∙ ℰ𝑅𝑥)
− 10 𝑙𝑜𝑔10(ℰ𝑅𝑥
2 + 𝜆2𝑍2 𝑔4(𝜃𝐹𝑂𝑉))  
(5) 
Where ℰ𝑇𝑥 and ℰ𝑅𝑥 are the same as before. For a symmetric 
link (SL) where ℰ𝑇𝑥 = ℰ𝑅𝑥, the bidirectional characteristic 
link loss can be defined as ℒ𝑉,𝑆𝐿 = ℒ𝑉,𝐷𝐿 = ℒ𝑉,𝑈𝐿. Figure 3 
shows the ℒ𝑉,𝑆𝐿 levels as a function of the FOV and steering 
device’s capability defined by equation (3). The free space 
range is 𝑍 = 3 m. It can be seen that for 𝜔 ∙ 𝑔(𝛼) < 3 ∙
10−4 𝑚 ∙ 𝑟𝑎𝑑 the loss ℒ𝑉,𝑆𝐿 drastically increases beyond 25 
dB. The FOV is also a critical factor. For instance, when 
𝜔 ∙ 𝑔(𝛼) = 2 ∙ 10−4 𝑚 ∙ 𝑟𝑎𝑑, ℒ𝑉,𝑆𝐿 rises by 10 dB when the 
link’s FOV increases from 30° to 45°. This outlines the 
challenge of designing a functional bidirectional link as the 
coverage is increased.  
For the rest of the paper, a symmetric link with identical 
Tx and Rx steering modules is studied. This restriction is 
imposed by the availability of steering devices at the time of 
the experiments. For a general case, equations (4) and (5) 
can be used to design an asymmetric link.  
C. Steering and aberration study 
In this section the transceiver performance is studied 
(fibre coupling, beamsteering and AM given in Figure 1) 
using Zemax ray tracing software. For the steering device, 
SLMs are used to achieve not only the beamsteering 
function but also to correct for geometric aberrations 
introduced by the AM system. This adaptive optics 
capability is particularly important for wide FOV SMF-
based transceivers as will be shown here. 
First, the AM is designed based on the available steering 
module. Then, the overall transceiver function is simulated. 
1) AM design 
The AM angular magnification 𝛾 = 𝜃𝑂𝑈𝑇 𝜑𝐼𝑁⁄  is 
determined by the SLM beamsteering range and the target 
FOV. The SLM in use is a 512 x 512 pixels device (BNS 
HSP512-1550) with a pixel size of 𝑝 = 15 𝜇𝑚. The phase 
modulation per pixel is 2𝜋 at the optimized wavelength of 
𝜆 = 1550 𝑛𝑚. This gives a beamsteering range of 𝜑𝑚𝑎𝑥 =
𝜆 2𝑝⁄ ~ ± 3° and the product ∙ 𝑔(𝛼) ~2 ∙ 10−4 𝑚 ∙ 𝑟𝑎𝑑. Using 
this value, from Figure 3 a target FOV of 𝜃𝐹𝑂𝑉 = 30° is a 
good compromise between the link coverage and the 
geometric loss of ℒ𝑉~ 25 dB.  
The required angular magnification is then 𝛾 =
𝜃𝐹𝑂𝑉 𝜑𝑚𝑎𝑥⁄ = 10. Using equation (2), an afocal system can be 
designed with a field lens 𝑓𝐶  and 𝑓1 𝑓2⁄ = 11. Figure 4 shows 
an AM design schematic using off-the-shelve components. 
The focal length 𝑓𝐶  ~ 7 mm was chosen from 1 𝑓𝐶⁄ = 1 𝑓1⁄ +
1 𝑓2⁄ , with 𝑓1 = 77 mm and 𝑓2 = 8 mm. All 𝑓 values are given 
for 𝜆 = 1550 nm and they are referenced to the back focal 
plane, i.e. the planar surface of each lens. 
2) Ray tracing setup 
Zemax was used to characterize the AM as a function of 
the input field angle as shown in Figure 4. In these 
simulations, an incoming beam with uniform power and 
planar wavefront was used. The AM output illuminates an 
SLM in an off-axis configuration, followed by a collimator 
focusing the beam onto an SMF fibre facet. The SLM is 
modelled as a 512 x 512 phase array where the pixilation 
loss, phase quantization and inter-pixel crosstalk are 
ignored. Two SLM functions are implemented: beamsteering 
and defocus. For a beamsteering angle 𝜑𝑆𝐿𝑀, a continuous 
ramp phase profile is defined as follows:  
 𝑅𝑎𝑚𝑝 = 𝜋𝜂𝑟𝑁 
𝜂 =
𝑁
2
𝜑𝑆𝐿𝑀
𝜑𝑚𝑎𝑥
       ;      𝜑𝑚𝑎𝑥 = 𝜆 (2𝑝)⁄  
(6) 
Where 𝑁 = 512 is the SLM number of pixels and 𝑟𝑁 =
𝑟 (𝑁 2⁄ )⁄ , 𝑟 = {−𝑁/2 … 𝑁 2⁄ − 1} is the normalized radial pixel 
coordinate whose origin is at the centre of the SLM. For the 
defocus function, a 1st order Zernike polynomial was used 
given by:  
 
Figure 4. Zemax layout of the ray tracing through the AM, SLM in 
reflection, and finally a doublet focusing the light onto the SMF 
input facet. There are three angular field present: 0° (blue rays), 15° 
and 30°. For visualization purposes, the phase grating on the SLM 
is fixed for the 0° field. 
 
 
Figure 5. Zemax simulation results: (a) the defocus coefficient 𝐶𝑑𝑒𝑓  
as a function of 𝜃𝑙 (b) the fibre coupling loss ℒ𝐹 as a function of 𝜃𝑙. 
AC means aberration correction. 
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𝑍𝑝𝑜𝑤𝑒𝑟 = 𝐶𝑑𝑒𝑓 ∙ √3 ∙ (2𝑟𝑁
2 − 1) (7) 
 Where 𝐶def is a defocus coefficient.. 
3) Simulation results 
The SLM beamsteering and defocus phase profiles were 
optimized to maximize the power coupling into the SMF 
fibre as a function of the link angle 𝜃𝑙. The SMF fibre has a 
numerical aperture NA = 0.14. The coupling loss ℒ𝐹 is 
numerically determined in Zemax using the normalized 
overlap integral between the fibre and wavefront amplitude. 
This is a measure of aberrations in the optical system [19].  
The simulation results showed that the AM was able to 
magnify to 𝜃𝑙 > 30°. Geometrical aberrations were corrected 
applying defocus profiles as those given by equation (7). The 
corresponding optimized defocus coefficient 𝐶𝑑𝑒𝑓 are shown 
in Figure 5 (a). This correction was necessary not only to 
keep the receiving fibre coupling loss ℒ𝐹 under control (see 
Figure 5 (b)) but also to perform beam shaping of the output 
beam at the transmitter.  
In a symmetric FWF system, the transmitted narrow 
beam will suffer from beam spreading due to aberrations 
added by the Tx AM. Thus, pre-compensation for 
aberrations will also be needed at the Tx. This will be 
verified in the following experimental sections.  
III. LINK CHARACTERIZATION 
A symmetric FWF link was built based on the design 
given in Figure 4. A picture of the SMF-based transceivers 
is shown in Figure 6. Polarization optics (PO) is used to set 
the illumination beam on the SLM as vertically polarized. 
This allows the pixel modulation to be phase-only.  
The FWF link was characterized in a setup similar to 
Figure 1 as a function of the link angle 𝜃𝑙. The Tx was 
connected to a 1550 nm laser source and the Rx fibre was 
monitored using an optical power meter. In this section, the 
beam divergence was initially studied due to diffraction as 
well as the beam spreading due to aberrations. Then, the 
link FOV was estimated for the SLM steering range 
combined with the required correction for aberrations. 
Finally, the link loss was calculated as a function of 𝜃𝑙 
comparing it with the theoretical predictions.   
A. Free space propagation 
After the Tx, an InGaAs camera recorded the beam 
transverse profile when varying the free space propagation 
distance 𝑍. The results are given in Figure 7 (a) for 𝜃𝑙~0°, 
i.e. negligible geometric aberrations. The beam diffracts 
keeping an approximately Gaussian profile as it propagates 
with a measured divergence angle of 𝜗𝑑𝑖𝑣 = 0.06°. 
Theoretically, the divergence from the equation (1) can also 
be estimated for 𝑍 ≫ 𝑍𝑇𝑥 as follows: 
𝜗𝑑𝑖𝑣
0 ~
𝜆
𝜋𝜔𝑇𝑥
 (8) 
Where 𝜔𝑇𝑥 is the beam waist of the Gaussian beam in free 
space located just after the Tx AM output. Using equation 
(3) 𝜔𝑂𝑈𝑇 = 𝜔𝑇𝑥 = 0.55 mm is obtained for an AM with 𝛾 = 10 
and an input beam width 𝜔𝐼𝑁 = 𝜔𝑆𝐿𝑀 ~ 3.5 mm specified by 
the Thorlabs F810APC-1550 collimator. Then, substituting 
in equation (8) 𝜗𝑑𝑖𝑣
0  = 0.05° is obtained.  This theoretical 
value is in agreement with the experimental 𝜗𝑑𝑖𝑣 = 0.06°, 
the latter being slightly higher due to either AM 
misalignment or other geometrical distortions in the 
system.  
For large 𝜃𝑙, beam distortions in the AM are also a major 
factor in the spreading of the beam under propagation. 
 
Figure 6. Picture of the Tx / Rx transceiver. PO means polarization 
optics. 
 
 
Figure 8. Link characterization: (a) link angle as a function of the 
SLM steering 𝜑𝑆𝐿𝑀; (b) optimum defocus coefficient 𝐶𝑑𝑒𝑓 as a 
function of the link angle 𝜃𝑙. 
 
 
Figure 7. Beam propagation study for (a) small 𝜃𝑙~0 and variable 
free space distance 𝑍 and (b) large 𝜃𝑙~30° and variable defocus 
correction 𝐶𝑑𝑒𝑓. 
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Corrections for geometrical aberrations are required to keep 
an approximate Gaussian beam shape. Figure 7 (b) shows 
the beam’s transverse profile for 𝜃𝑙~30° after 𝑍 = 1 m. It can 
be seen that, unless the optimum defocus profile with 
𝐶𝑑𝑒𝑓 = −2.7 is added to the SLM, the beam energy quickly 
disperses. The consequences at the design distance 𝑍 = 3 m 
are such that no optical power is detected at the Rx fibre for 
large link angles. 
B. Link FOV with aberration correction 
The experimental link FOV as a function of the SLM 
steering 𝜃𝑆𝐿𝑀 is shown in Figure 8 (a). The simulation and 
experimental curves coincide following an angular 
magnification 𝛾 = 10 performed by the designed AM. The 
trend is quasi linear. The deviation from a perfectly linear 
performance is due to the AM not having ideal thin lens 
components, thus the lenses’ focal lengths slightly vary as a 
function of 𝜃𝑙.  
Additionally, to keep a narrow beam during the free space 
propagation, defocus profiles are added to the SLM default 
ramp steering function. Figure 8 (b) gives the defocus 
coefficient 𝐶𝑑𝑒𝑓 as a function 𝜃𝑙. The theoretical simulations 
are in agreement with the experimental curves: low angles 
require a constant defocus profile 𝐶𝑑𝑒𝑓
0 , followed by a linear 
𝐶𝑑𝑒𝑓 increment after |𝜃𝑙| ≥ 10°. This initial 𝐶𝑑𝑒𝑓
0  varies from 
setup to setup and it depends on the optical alignment 
within the AM (relative position of its lenses). It can also be 
seen that a larger defocus correction is required for a 
negative 𝜃𝑙 in the experimental curve. This is due to the 
AM’s optical axis being displaced with respect to the SLM’s, 
thus creating some asymmetry (and uneven aberrations) in 
an otherwise circularly symmetric optical system. 
The analysis was carried out for the Tx but it can be 
extended to the Rx as this FWF link geometry is symmetric. 
C. Link loss 
The steering modules capabilities have been 
experimentally characterized as a function of 𝜃𝑙. The overall 
link performance will now be considered when two identical 
transceivers are used at both ends of the SMF-wireless-SMF 
geometry. The link alignment for each 𝜃𝑙 is performed by 
rotating the transceivers whilst keeping the free space 
distance at 𝑍~3 m. The detailed procedure for automated 
tracking and localization is explained elsewhere, with a 
latency of the order of seconds [12]. 
Once the alignment is carried out, the total link loss 𝛤 
can be estimated as a function of 𝜃𝑙. Figure 9 shows the 
corresponding experimental results as well as the simulated 
loss curves for different aberration correction (AC) 
implementations. The link loss 𝛤 can be separated in the 
following components:  
𝛤(𝜃𝑙) = ℒ𝑉 + ℒ𝐹(𝜃𝑙) + ℒ𝑆𝐿𝑀(𝜃𝑙) + ℒ𝑂 (9) 
Where ℒ𝑉, ℒ𝐹 and ℒ𝑆𝐿𝑀 are the vignetting, fibre coupling 
and SLM loss, respectively. ℒ𝑂 refers to other sources of loss 
not included here such as reflection or scattering loss from 
the optical components. ℒ𝑉 = -25 dB is the predominant loss 
factor as predicted in section II.B, which is also independent 
of 𝜃𝑙. ℒ𝑆𝐿𝑀 is the 𝑠𝑖𝑛𝑐
2 loss due to the pixelated nature of the 
SLM. This amounts to a maximum of 4 dB at the steering 
range limit [20]. 
From Figure 9, there is a good agreement (within ±3 dB) 
between the experimental and simulation curves for 
𝜃𝑙 ≤ 20°. However, the simulation underestimates the 
coupling loss for 𝜃𝑙 > 20°. This is possibly due to the Zemax 
phase array model overcorrecting for aberrations. 
Finally, the importance of AC was experimentally verified 
in an SMF-wireless-SMF link with large FOV. The system 
with no AC at the Tx nor the receiver suffers from 
exponential loss for 𝜃𝑙 > 10°. When no AC is applied to the 
receiver, the additional loss becomes considerable for 
𝜃𝑙 > 20°. AC at both terminals gives the best performance. 
However, a link budget reduction of ∆𝛤 = 13 dB is obtained 
when 𝜃𝑙 increases from 0° to 30°. This justifies the use of 
SLMs instead of more conventional steering devices with no 
AC capability.  
D. WDM capabilities 
The SMF-wireless-SMF link geometry is compatible with 
fibre communication transmission systems. WDM 
capabilities are also desirable to linearly increase the free 
space link data rates. However, given the SLM-based 
transceivers, the beamsteering action is a function of the 
wavelength of operation as given by (6). This dispersive 
effect translates into an additional beam spreading in the 
Rx plane, which can be significant given the Rx entrance 
aperture diameter of only 10 mm (see first AM lens in 
Figure 4). 
To quantify the dispersion in the Rx plane, let us assume 
that an incoming beam with wavelength 𝜆0 is aligned to this 
Rx aperture’s center. It can be shown that a beam with 
wavelength 𝜆 will experience a beam walk-off ∆𝑆 of, 
∆𝑆 ~ 𝜃𝑙 ∙ 𝑍 ∙ ∆𝜆 𝜆0⁄ ,           ∆𝑆 ≪ 𝑍 (10) 
Where 𝑍 is the free space propagation distance from the 
Tx and ∆𝜆 = 𝜆 − 𝜆0. Therefore, the vignetting loss at the Rx 
entrance aperture will vary as a function of channel 
wavelength and the propagation distance, the worst case 
scenario occurring at 𝜃𝑙 = ±30°.  
For our system, this is critical at the target distance 
𝑍~3 𝑚 where the beam footprint diameter fills the receiver 
entrance aperture due to divergence (see section III.A). It 
has been experimentally shown that, under these 
conditions, a detuning of ∆𝜆 = 2.5 𝑛𝑚 contributes to ~ 2 dB 
vignetting loss [21]. Using (10), this corresponds to ∆𝑆 =
2.5 𝑚𝑚 at 𝜃𝑙 = 30°. Therefore, it is advantageous to have a 
closely spaced WDM comb to minimize vignetting due to 
 
Figure 9. Link loss characterization. The experiment and simulation 
data is displayed for different aberration correction (AC) scenarios. 
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dispersion. The coupling into Rx fibre is not affected 
because, for the symmetric link under study, the dispersion 
caused at the Tx SLM is compensated by the Rx SLM.  
 
IV. TRANSMISSION EXPERIMENT 
In this section, the FWF link is successfully integrated 
with a state-of-the-art optical digital coherent system. The 
experimental realization of a wide FOV = ±30° transparent 
FWF link with a WDM capacity over 200 Gb/s is shown.  
A. Coherent WDM system 
The FWF link was connected via SMF fibres to an optical 
digital coherent system as shown in Figure 10. The coherent 
transmitter is a Nyquist-WDM (N-WDM) transceiver [22] 
that generates 𝐾𝑐ℎ = 1, 7 or 14 WDM channels. Figure 11 (a) 
and (b) shows the optical spectral comb generated for 𝐾𝑐ℎ = 
7 and 𝐾𝑐ℎ = 14 channels, respectively, with a channel 
spacing of ~8.2GHz. Only the modulated carriers with peak 
power higher than −22 dBm were used to homogenize the 
channel performance. Each channel carried an 8 Gbaud X-
quadrature amplitude modulation (X-QAM) signal, with X = 
{4, 16}. A data rate per channel of 14.95 Gb/s and 29.9 Gb/s 
was achieved, respectively, assuming a 7% overhead hard 
decision forward error correction (FEC) [23]. After the 
coherent transmitter, the N-WDM signal was amplified 
using a booster EDFA. A variable optical attenuator (VOA) 
was subsequently used for optical power control.  
The modulated light is later fed into the Tx steering to 
create the wireless link. During free space propagation, the 
multi-channel narrow beam not only diverges but also 
disperses. The dispersion is negligible though, due to the 
compact N-WDM comb of maximum 14 channels with an 
overall spectrum ∆𝜆 < 1 nm. After free space propagation, 
the WDM beam enters the Rx steering module. The Rx SLM 
not only compensates for beamsteering and aberrations, but 
also corrects the Tx SLM channel dispersion, thus allowing 
dispersion-free coupling into the Rx SMF fibre. An optical 
EDFA preamplifier follows to improve the receiver 
sensitivity. A standard coherent receiver with an electrical 
bandwidth of 63GHz is used to process the N-WDM 
channels simultaneously. Digital signal processing (DSP) is 
later applied to the captured waveforms from a 
160GSample/s real-time oscilloscopes to recover the Nyquist 
pulse shaped X-QAM signal [22].  
B. X-QAM sensitivity 
Back-to-Back (BtoB), through fibre only, experiments 
were carried out to characterize the receiver sensitivity as 
function of the Rx input power (just before the EDFA 
preamplifier). The results are shown in Figure 12 for 
different X-QAM modulations. Receiver sensitivities (at the 
FEC limit) of -49 dBm and -42 dBm were obtained for the 4-
QAM and 16-QAM modulations, respectively. 
As the modulation changes from 4QAM to 16-QAM, there 
is a measured sensitivity penalty of ~7 dB. This relative 
drop is as predicted by the theoretical curves, giving a bits 
per-symbol enhancement factor of 2.  
C. Throughput study  
For the experiments, the output power after the Tx 
steering module was initially set to a maximum of 10 dBm 
to satisfy eye safety constraints [24]. From this point, 
additional power loss was induced by the VOA. Figure 13 
shows the system bit error rate (BER) vs VOA attenuation. 
The curves are plotted for different modulation formats, 
number of WDM channels 𝐾𝑐ℎ and link angles 𝜃𝑙. 
Using a 7% overhead hard-decision FEC, the link is 
operational if the BER is lower than 3.8 ∙ 10−3 [25]. The 
 
Figure 12. Back-to-back sensitivity curves for different X-QAM 
modulations. The theoretical curves were taken from [27]. 
 
 
Figure 10. Experimental setup. The transmission system is an 
extension of the FWF link using SMF fibres. VOA is a variable 
optical attenuator. 
 
(a) 
 
(b) 
 
Figure 11. Measured optical spectra at the transmitter for (a) 7 and 
(b) 15, N-WDM optical comb with a resolution of 0.01 nm. The even 
and odd carriers are separately modulated. Only the modulated 
carriers are plotted for a 16-QAM symbol.  
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intersection of the FEC limit with each BER curve indicates 
the available link margin for that configuration. (As an 
example, the “1-ch 𝜃𝑙 = 30° 4 QAM” curve shows that an 
additional 22 dB of attenuation can be added and the BER 
remains within acceptable limits).  
From the single channel curves in Figure 13, it can be 
seen that by changing the modulation format from 4-QAM 
to 16-QAM the link margin was reduced by ~ 7dB. This 
penalty was expected from Figure 12 due to receiver 
sensitivity reduction, with the advantage of doubling the 
data rate per channel. Additionally, for the multi-channel 
curves, the 10 dBm optical power limit was equally split 
amongst the beam’s 𝐾𝑐ℎ channels. Therefore, a link budget 
penalty per channel of log10 𝐾𝑐ℎ was imposed. The choice of 
𝐾𝑐ℎ = 7, 14 for link angles 𝜃𝑙 = 30° ,20°, respectively, was 
determined by this penalty, and the link loss 𝛤 as a function 
of 𝜃𝑙 (see Figure 9). 
Therefore, it can be concluded that the FWF link operates 
at 418 Gb/s (14 x 29.9 Gb/s/channel) and 209 Gb/s (7 x 29.9 
Gb/s/channel) assuming a 7% overhead hard-decision FEC 
with a wide FOV (full-cone) of 40° and 60°, respectively. The 
hard decision based maximum achievable rates are 445.15 
Gb/s and 222.52 Gb/s, which are calculated by using 
𝐶 = 𝐾𝑐ℎ ∙ 𝐵 log2 𝑀 ∙ [1 + 𝑝 log2 𝑝 + (1 − 𝑝) log2(1 − 𝑝)]; where 𝑝 
is the best achievable BER of the system, 𝐵 is the baudrate 
and 𝑀 the modulation order. To the best of our knowledge, 
this is the fastest demonstration of an indoor wireless link 
with a FOV that offers practical room-scale coverage, 
doubling the previous reported throughput for an equivalent 
link [17].  
V. CONCLUSION 
This paper describes the design and characterization of a 
wide-FOV ultrafast indoor optical wireless link using fibre-
based transceivers. Wide area coverage is achieved by 
combining narrow beams with accurate beamsteering and 
adaptive optics units at both terminals. 
The potential of SMF-wireless-SMF links is shown. We 
report a record data rate of 418 Gb/s and 209 Gb/s at a FOV 
of ±20° and ±30°, respectively, at a free space transceiver’s 
distance of 3 m. The optical link is eye safe and potentially 
bidirectional. As the system design is transparent, then 
higher data rates and simpler transmission schemes are 
possible.  
Future work includes the demonstration of similar fibre-
wireless-fibre links with cost effective steering components 
and multimode fibres. Point-to-multipoint communications 
for this type of narrow beam links are currently research 
topics of interest [26]. 
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